The size effect and the effects of a finite-width surface on barrierless transformations between the solid (S), surface melt (SM), and melt (M) from a spherical nanovoid are studied using a phase field approach. Melting (SM ! M and S ! M) from the nanovoid occurs at temperatures which are significantly greater than the solid-melt equilibrium temperature h e but well below the critical temperature for solid instability. The relationships between the SM and M temperatures and the ratio of the void surface width and width of the solid-melt interface, D, are found for the nanovoids of different sizes. Below a critical ratio D Ã , the melting occurs via SM and the melting temperature slightly reduces with an increase in D. Both S ! SM and SM ! M transformations have a jumplike character (excluding the case with the sharp void surface), causing small temperature hysteresis. However, the solid melts without SM for D > D Ã , and the melting temperature significantly increases with increasing D. The results for a nanovoid are compared with the melting/solidification of a nanoparticle, for which the melting temperatures, in contrast, are much lower than h e . A linear dependency of the melting temperatures with the inverse of the void radius is shown. The present study shows an unexplored way to control the melting from nanovoids by controlling the void size and the width and energy of the surface. Published by AIP Publishing.
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1 Surface-induced surface melting, melting, and solidification are widely observed in nature and have great practical importance. For example, melting and surface melting are important in the combustion of nanoparticles; 2 surface melting increases the reactivity of explosives; 3 surface melting yields transformation of one solid into another, which would otherwise be impossible; 4 and melting temperatures in nanoparticles [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and nanovoids 16 significantly differ from the thermodynamic equilibrium temperature between solid and melt, h e . The finite curvature of the surfaces plays an important role. [15] [16] [17] [18] The surfaces reduce the melting temperature, h m , from the surface melt (SM) or solid to melt in nanoparticles well below h e (see e.g., Refs. 7, 9-13, and 15) and increase h m from nanovoids well above h e , allowing superheating of the solids (see e.g., Refs. 16 and 17) . Notably, h m is significantly lower than the instability temperature for solid at which barrierless transformation to melt occurs. For the particles embedded in the matrix, h m is smaller than h e .
18
Surface-induced melting in nanoparticles is wellunderstood based on the model with a sharp external surface. [7] [8] [9] [10] [11] 13, 14 Recently, however, multiple strong effects of finite-width of the surface were observed by utilizing the phase field (PF) approach to lead to various counterintuitive phenomena. 15 It was shown that when the ratio
where d n and d are the widths of the surface and the solidmelt interface, respectively, is smaller than the critical value D Ã , the melting occurs through the appearance of SM.
However, above D Ã , there is a discontinuity in the slope of the melting curve and the solid directly transforms to melt without SM. Also, the effect of the size of the particle was investigated. However, we are not aware of any PF study on melting from nanovoids which are abundantly present in porous materials and are also often present in solids as defects. Few analytical studies have been conducted on melting of voids assuming the sharp void surface. [17] [18] [19] [20] [21] [22] [23] In these studies, the primary focus was to understand the reason behind the increase in melting temperatures of nanovoids. The stability of the melt layer on the void surface was studied in Ref. 24 . Molecular dynamics simulations were used to study the mechanism of melting in Refs. 16 and 24-27. However, the effect of the width of the void surface (i.e., internal surface) on void melting remains unexplored, and currently, the only way to study it is to utilize the PF approach. Indeed, the phase field approach is currently the only method in which widths of the solid-melt interface d and of the external surface d n can be directly included in the theory as physical parameters and their specific values can be prescribed and varied independent of any other parameter (e.g., interface energy). For comparison, in molecular dynamics simulations, the width of the external or internal surfaces and phase interface are not independent input parameters; they can be varied by changing parameters of the interatomic potential, which will change the other physical properties. Other continuum models such as the level set Published by AIP Publishing. 112, 201602-1 method 28 or the concentration based models for the microscale 29 consider the interfaces to be sharp ones with zero width and hence not suitable for our objective. The authors are not aware of any other continuum or discrete models in which the interfaces can naturally be modeled as diffused regions with prescribed widths.
Thus, the goal of this letter is to present the first PF study of melting at a nanovoid with focus on the effect of the finite-width void surface and void radius. A melting temperature versus D diagram is determined and analyzed in detail. We show that with increasing D, below a critical D Ã , the SM ! M transformation temperature slightly decreases, but above D Ã , the solid melts barrierlessly without surface melting and the melting temperature strongly increases. The SM ! S and S ! SM curves are also plotted. Within 0 < D D Ã , the S ! SM temperatures are slightly higher than the SM ! S temperatures with a maximum difference of 2-3 K, implying that these transformations yield hysteresis. The hysteresis is caused by discontinuous (jump-like) change in the stationary distribution of the order parameter during S ! SM and SM ! S transformations, excluding the case with D ¼ 0. A similar jump exists for SM ! M transformation. The effects of the void size on melting, surface melting, and solidification are also analyzed. The melting temperatures and surface melting temperatures decrease with the increase in the void size. The simulation result for melting of a nanoparticle is also presented and compared with the results for voids. In both the cases, the melting temperatures are well below the solid-to-melt instability temperature. While melting occurs significantly below h e for nanoparticles, it takes place significantly above h e for nanovoids.
We have used a PF approach of the Ginzburg-Landau type, 15 which considers an order parameter g for describing the solid $ melt transformations. An additional order parameter n is introduced to describe the transition between the material (solid or melt) and the surrounding (vacuum or gas) and thus introduce a finite width of the void surface S 0 . The order parameter g is taken to be 0 in melt and 1 in the solid and n ¼ 0 in the material and n ¼ 1 in the surrounding.
The Helmholtz free energy per unit volume of the body is taken in the following form: 15 wðg; n; h; rg; rnÞ ¼ w h ðg; hÞ þw h ðg; hÞ þ w r ðrgÞ þw n ðg; n; rnÞ;
where w h is the barrier energy andw h is the thermal (or chemical) energy related to S $ M transformations, w r is the solid-melt gradient energy (r denotes the gradient operator), and w n is the free energy related to S 0
À gÞ 2 ;w h ¼ Hðh=h e À 1ÞuðgÞ;
where b n ðgÞ ¼ 1:084 d n c n ðgÞ; A n ðgÞ ¼ 16:62c n ðgÞ d n ;
H is the heat of fusion, h > 0 is the absolute temperature, h
MS c
and h SM c are the critical temperatures for barrierless melt-tosolid and solid-to-melt transformations, respectively (i.e., when energy minimum for melt or solid disappears), b > 0 is the coefficient of gradient energy for the S-M interface, A n (g) and b n (g) are the barrier energy coefficient and gradient energy coefficient of S 0 , respectively, and the width of the void surface d n is defined as the distance between the points where n ¼ 0.05 and n ¼ 0.95. The interpolation function is u(g) ¼ g 2 (3 À 2g) which satisfies u(0) ¼ 0, u(1) ¼ 1, and @u(0)/@g ¼ @u(1)/@g ¼ 0. The surface energy c n (g) is taken as 14, 15 c n ðgÞ ¼ c l þ ðc s À c l ÞuðgÞ;
where c l and c s are the surface energies of the melt and solid, respectively. The Ginzburg-Landau equations describing the evolution of the order parameters are (also see Ref. 15 )
where L > 0 and L n > 0 are the kinetic coefficients for the solid-melt interface and the surface S 0 , respectively, and
When we consider the problem in a spherically symmetric domain, the order parameters are functions of the radial coordinate r and independent of the azimuthal and zenith angles, and the problem can be solved in a one-dimensional domain R r < 1, where R is the initial void radius. Hence, using the relations r 2 ðÁÞ ¼ 
The last terms in Eqs. (6) 1 and (6) 2 contribute to the evolution of the order parameters when the curvature 1/r is finite, as it is for particles or voids. Obviously, this term vanishes in a domain with a flat surface.
To study the effect of surface S 0 , one should first solve Eq. (6) 2 to obtain the stationary distribution of n and then proceed to solve Eq. (6) 8) in Eq. (6) 1 and then solve it, where R is the position where n ¼ 0.5. We recall that n ¼ 1 in the vacuum and n ¼ 0 in the particle, and the stationary solution for n given by Eq. (8) is used such that half of the vacuum-particle interface is within r < R and the other half lies in r ! R such that n ¼ 0.5 at r ¼ R. Here, we solve the Ginzburg-Landau equation Eq. (6) 1 in the computational domain R r R 1 using the finite element method 30 in the deal.ii, 31 where R 1 ) d n is the external particle radius. Obviously, within our computational domain, half of d n is present, within which we prescribe twice the surface energy and apply the Neumann boundary condition @g/@r ¼ 0 at r ¼ R. This is equivalent to considering the full surface width. 15 At r ¼ R 1 , we also take @g/ @r ¼ 0. The following material parameters for aluminum are used: 14 temperature hysteresis between the appearance and the disappearance of the SM. As the temperature increases, the region over which the surface melt exists increases. There is a jump like transformation from SM to complete melt between h ¼ 963.8 K and 963.9 K. Obviously, the range of temperatures over which the surface melt can exist decreases as the ratio D increases, and the jump in the order parameter during S ! SM transformation increases [ Fig. 1(c)] .
A comparative study between surface melting and melting in a nanovoid and a nanoparticle (Fig. 2) , each having a radius of 5 nm, is now presented. Although the temperature plots in Figs. 1(a) and 2 possess similar qualitative features, including that all melting temperatures being well below the solid to melt instability temperature h Our results for the nanovoids are qualitatively in agreement with the atomistic simulation results of Ref. 16 where it was reported that the melting temperature in nanovoids is above the bulk melting point and the melting starts at that surface through the appearance of surface-melt. The linear decrease in transformation temperatures with 1/R is also in agreement with thermodynamic studies 20 and atomistic simulations. 16 The validity of the current model was confirmed in Ref. 15 where the experimental results of melting in a nanoparticle were reproduced. However, we are not aware of any suitable experimental/atomistic simulation data which can be directly used here for a quantitative comparison with the current results for a nanovoid. We hope that our predictions will encourage a systematic experimental and/or atomistic study to understand the role of the surface width in the solid $ melt transformations in nanovoids.
In summary, we have presented the first PF study of the barrierless transformations between solid, surface melt, and melt in the nanovoids. The void surfaces can be deformed plastically by generating defects therein. The generated stresses can modify the surface width in some materials. 32 (iv) A surface reaction, such as oxidation, is another way to engineer the surface energy and width.
Note that the ratio of two nanoscale parameters strongly affects material behavior in martensitic transformations, 33 interaction between phase transformation and dislocations, 34 and solid-solid phase transformation via intermediate melt; 35, 36 .
